Abstract: Root decomposition and nutrient release are typically estimated from dried root tissues; however, it is unlikely that roots dehydrate prior to decomposing. Soil fertility and root diameter may also affect the rate of decomposition.. This study monitored mass loss and nutrient concentrations of dried and fresh roots of two size classes (<2 and 2-5 rnrn) over a 12-month period in fertilized and control plots in a 13-year-old loblolly pine (Pinus taeda L.) plantation. Nutrient content was calculated and used to assess the effects of fertilization, root size, and initial condition (hydration) on nutrient release rates. Roots that grew and decomposed in fertilized plots had higher concentrations and greater total release of N, P, K, and Mg than roots in control plots, but C concentrations and mass loss rate were not significantly different between roots in fertilized plots and those in control plots. Very fine roots (<2 mm) had higher concentrations of N, P, and Ca and faster release rates for C, N, and K than fine roots (2-5 mm), resulting in greater total release of C and N. Roots dried prior to decomposition decayed and released C, K, Ca, and Mg at a faster rate than fiesh roots. Results indicate that using dried root tissues will overestimate fme root decomposition and nutrient cycling rates.
Introduction
ents from roots upon senescence (Nambiar 1987; Aerts 1990;  Nutrient inputs from the atmosphere and soil weathering are key to long-term sod development and ecosystem sustainability, but on an annual basis, nutrient recycling within an ecosystem provides the major source of nutrients for plants (Joslin and Henderson 1987; Fahey et al. 1988) . Although fine roots and foliage account for a small percentage of total mature pine stand biomass, they contain roughly a quarter of the stand's nitrogen (N) and phosphorus (P) (Van Lear and Kapeluck 1995) . Because fine roots often have higher concentrations of nutrients than current foliage (Meier et al. 1985) , and because there is minimal retranslocation of nutriNambiar and ~i f e 1991), decomposing fine roots are an important source of nutrient recycling (Wells et al. 1975; Persson 1979; Raich and Nadelhoffer 1989; Vogt et al. 1991) . Calculations of N returns to soil from decomposing hardwood fine roots have been estimated to be 54 to 72 k g -h a -l -y e~' (Hendrick and Pregitzer 1993) .
Using a global data set, Silva and Miya (2001) determined that root chemistry (particularly Ca and C/N) appeared to be the primary controller of root decomposition rate, while climate and environmental factors played secondary roles. In a study by Fahey et al. (1988) , initially high rates of N and P release were observed for fine roots, whereas those nutrients were effectively retained in decaying woody roots. A strong Fig. 1 . Effects of fertilization on (A) root mass remaining, (B) nitrogen concentration, and (C) phosphorus concentration in loblolly pine roots decomposing in situ over a 12-month period. Root size and initial condition have been averaged by fertilization treatment. Error bars represen{ one standard deviation, and each data point represents n = 12.
sequently confirmed for Pinus radiata D. Don (Nambiar 1987) . The inverse correlation between root diameter and nutrient concentration (Gordon and Jackson 2000) may cause larger diameter roots to decompose at slower rates than smaller diameter roots.
Measuring root decomposition is laborious under controlled conditions and subject to extreme variability from microenvironments in situ. Soil moisture and microbial communities, ionic gradients, and root chemistry and structure could each impact the rate of tissue breakdown and nutrient release. For modeling purposes, soil properties must be uniform and constant, leaving decomposition studies to focus on a variety of root properties. Generally, dried roots are used in decomposition work to ensure stable baseline conditions and mass, but it is unlikely that pine roots in situ dehydrate prior to decomposition, and therefore tissue moisture contents, microbial environments, rhizosphere chemistries, surface areas, and physical integrity will differ between in situ roots and previously dried roots. Fresh-roots are expected to decompose more quickly because microbial populations are undisturbed. A direct comparison of fresh and dried roots is needed to more accurately predict and model nutrient release rates.
This 12-month study examined mass loss and nutrient concentrations for dried and fresh roots of two size classes (<2 and 2-5 rnrn), both grown under two site fertilization regimes. The objectives of this study were to (1) quantify biomass'and nutrient loss of fine roots with different traits (i.e., N and C contents, fresh vs. dried samples, different size classes), and (2) quantify biomass and nutrient loss of roots produced and decomposed under different fertilization regimes. We expected that fresh roots would decompose faster than dried roots, smaller roots would decompose faster than larger roots, and roots grown on fertilized plots would decompose faster than roots on control plots.
Materials and methods

Site description
The The soil is an infertile excessively well drained, sandy, siliceous, thermic Psamrnentic Hapludult soil of the Wakulla series and had previously supported a stand of longleaf pine (Pinus palustris Mill.). The soil profile has an available water holding capacity of 16 to 20 cm (8%-10%) in the upper 2 m, with an average annual precipitation of 12 10 mm and periodic extended droughts during the growing season. Mean annual temperature in the region is 17 "C, with the coldest temperatures in January (0.5 "C) and the warmest in July (32.9 "C).
Sixteen treatment plots, each measuring 50 m x 50 m (0.25 ha), with 30 m x 30 m (0.15 ha) interior measurement plots and 10 m buffer strips, were established in the 8-yearold pine stand. The experimental design was a factorial combination of two nutrition treatments (control and fertilized) and two irrigation treatments replicated in four randomized complete blocks (Albaugh et al. 1998) . Only the control and fertilized plots from three of four blocks were used in this study. Nutrient treatments began in March 1992 and were defined as (I) no-addition controls or (2) fertilized to optimum nutrition. Foliar nutrient status was monitored monthly, and fertilizer additions were made as needed to sustain target nutrient levels. Total nutrient additions between March 1992 and March 1998 were 776 kg-ha-' N, 152 kg-ha-' P, 337 kg-ha-' K, 169 kg-hab' Ca, 146 kg-ha-' Mg, 209 kgha-' S, and 3.9 kg-ha-' B (Albaugh et al. 1998) . Complete control of non-pine vegetation had been maintained in all treatment plots since 1992 through a combination of mechanical and chemical (glyphosate) methods.
Sample collection and laboratory analyses
Roots were collected from six treatment plots in the measurement plot) was removed, sieved, and saved. All at predetermined intervals (0.5, 1, 2, 4, 6, and 12 months) roots <5 mm diameter were collected, and all other roots after placement in the soil. were discarded. Live roots were separated into two size classes Decomposed root samples were recovered by extracting (0-2 and 2-5 mm in diameter) and cut into 4 cm lengths. All the plastic cores from the soil pit and then sieving the soil. other identifiable organic material was discarded. The vertiUnwashed samples were placed in labeled plastic bags and cal sides of each soil pit were lined with stainless steel flashtransported to the US Forest Service laboratory in the Reing to decrease root ingrowth into the decomposition area, search Triangle Park for analyses. Remaining root biomass before the sieved soil was returned and hand tamped. Soil was determined on an ash-free dry-mass basis by drying at disturbance was necessary, but there was little soil structure 105 O C for 24 h and combusting at 550 "C for 4 h. Samples to disrupt in this sand.
were ground to pass through an 850 pm sieve. Chemical Roots from each of the six treatment plots were divided n~eztSUrements of C and N were performed on a Carlo Erba into 24 subsamples for each size class: 7 samples that were CAWS analyzer (Fison Instruments, Danvers, Massachusetts). to be oven-dried, 7 samples that were to be kept fresh, and Ca, Mg, P, and K concentrations were determined by induc-10 additional time-zero samples, which were analyzed for tively coupled plasma s~ectro~hotometr~ On a Jobin YvOn percent moisture, nutrient concentrations, and loss on igni-2000 1CP (Instruments S.A. Inc., ~d i s o n , New Jersey). ~1 1 tion. Individual root subsamples weighed approximately 2 g masses are repofled on an ash-free dry-mass basis-Nutrient dry mass (4 g fresh mass). Root subsamples that were to be Contents were calculated by multiplying concentrations with oven-dried were weighed and then placed in a 70 o~ oven individual calculated dry mZSSeS at pla~ement and re~~llection. for 18 h. Root subsamples that were to be kept fresh were weighed, placed in moist paper towels, and stored overnight Study design and statistical analyses at 10 OC. Initial dry masses for these samples were estimated
The study included 168 root samples weighing approxiusing the percent moisture data calculated from the time-zero mately 2 g each (dry mass)-The study was and root samples. Twenty-four hours after collection, each root malyzed as a split-~lot design, with the plots being subsample was reweighed and to the treatment plot the two fertilizer-addition treatments and subplots being the from which it originated. Samples were placed at 5-10 cm 2 X 2 factorial of root size and initial condition. depth inside individual plastic ingrowth cores (with a large An exponential equation was used to describe decomposiaperture mesh of approximately 0.5 cm 0.5 cm, and overall tion and nutrient release rates of root materials (Yavitt and dimensions of 8 cm diameter x 15 cm long) (MycoriTechTM, Fahey 1982) , defined as Plant Health Care, Inc., Pittsburgh, ~enns~lvania*) positioned
[l] M , = a e -b ' vertically within the sieved soil pit. Each plastic core was labeled using a pin flag and randomly assigned to one of the where M, was the mass remaining at time t, a was the initial collection times. The decomposing root samples were collected mass or content, and b was the decomposition rate (Bloomfield ' Use of a trademark product does not indicate an endorsement by the USDA Forest Service. The utility of this model is that root mass can be predicted as a function of time. These nonlinear models were fit using the PROC NLIN procedure with the GAUSS option (SAS 1985) . Wilks' h test was used to compare the exponential equations fit for each nutrient and biomass loss pattern over time. A MANOVA was used to test the coefficients of variables from these response curves to identify significant ( p < 0.05) differences in initial conditions (a) and decay rates (b).
Results
Fertilizer treatments
Pine root mass loss (Fig. 1A) was not significantly impacted by fertilization. Model depiction of mass loss indi- cates no significant differences in decomposition rate or the full model when fertilized plots were compared with controls (Table 1) . However, initial concentrations of N (Fig. lB) , P (Fig. lC) , K, and Mg were significantly greater in roots from fertilized plots than in roots from controls. Pine roots from fertilized plots had an initial N concentration of 0.67 mg-g-l, compared with 0.41 mgag-' in control samples. Concentrations of P (0.84 vs. 0.47 mg-g-l), K (3.95 vs. 2.45 mgeg-'), and Mg (1.12 vs. 0.82 mgeg") were approximately 40% greater in fertilized roots than in control samples, respectively. Concentrations of C (46.4% vs. 45.8%) and Ca (3.2 vs. 3.35 mg-g-') were similar in fertilized and control root tissues. Root N contents varied little through time in control plots, but decreased by more than 30% in fertilized plots. The rate of P release from pine roots was also significantly faster in fertilized plots than in control plots (b in eq. 1 and Table I ), but fertilized roots maintained a greater total P content. Fertilization treatments did not significantly affect release rates of other nutrients.
Root size class
The initial concentration and content (a in eq. 1 and Table 1) of all nutrients measured, as well as the mass loss rate and release rate of C, N, and K (b in eq. 1 and Table 1 ) differed between the two root size classes. As expected, very fine roots (0-2 mm) decomposed faster than fine roots (2-5 rnrn) ( Fig. 2A) . Very fine roots lost slightly more than 20% of their mass within the first month of decomposition, while the larger roots lost 20% of their mass over a 4-month period.
Very fine roots had higher initial concentrations of N (Fig. 2B) , P (0.78 vs. 0.54 mgSg-'), K (3.5 vs. 2.7 mg.g-'), Ca (3.43 vs. 3.12 mg-g-I), and Mg (1.04 vs. 0.89 rngSg-') than fine roots, while the concentration of C (Fig. 2C ) was greater in 2-5 rnrn roots. Release rates of C and N contents were significantly greater in very fine roots than in fine roots (b in eq. 1 and Table 1 ). Absolute contents of N, P, K, Ca, and Mg released per gram of root tissue were of greater magnitude for 0-2 rnrn roots than for 2-5 rnm roots (Table 2). 
Months
Initial condition
Roots that were dried prior to decomposition had a faster rate of mass loss (b in eq. 1 and Table 1 ) and a greater mass loss after 12 months of in situ decomposition, even though mass loss at individual time periods was not significantly different (Fig. 3A) . Model depictions of decomposition (Table 1) indicate significant differences in rate of loss of C, K, Ca, Mg, and mass between dried and fresh root tissues. Although initial condition (hydration) of fine roots did not affect initial nutrient contents (a in eq. 1 and Table I), after 1 1 year of in situ decomposition, dried roots contained approximately 20% less N (Fig. 3B), C (Fig. 3C) , K (Fig. 4A) , Ca (Fig. 4B) , and Mg (Fig. 4C ) than fresh roots. P (not shown) was the only measured nutrient that did not significantly respond to initial root moisture condition. lost biomass more rapidly than very fine fresh roots, which lost biomass more rapidly than previously dried fine roots (2-5 mm), followed by fresh fine roots. Results from this work indicate significantly different mass and nutrient loss from roots that were initially hydrated compared with roots that were oven-dried. Dried roots lost mass and nutrients faster than fresh roots, and the initial pulses in P, K, Ca, and mass loss were significantly greater for dried roots than for fresh roots. These results disagree with the suggestion that decay of washed and dried samples was slow because microbial populations had to recover (Ruark 1993) after the loss of root exudates and retardation of microbial Months activity (Killham 1994) . In the absence of chemical differences associated with drying roots prior to decomposition, physical changes in cell wall and epidermal continuity are likely conduits for increased leaching of nutrients from dried roots.
\
As expected, very fine roots decomposed faster than fine roots. Initial decomposition rate was also faster for very fine than for fine roots in a beech forest (50%-54% vs. 70%-79% after 1 month) (Judas et al. 1995) . The ratio of nonstructural to structural mass is much higher in small roots (Boot 1990) , and the inverse relationship between root diameter and decay could be explained by the positive linear relationship between lignin content and root diameter. However, the relatively short duration of this study may only mimic early (controlled by nutrients) decomposition (Berg 1984) and may not provide indications of multiple-stage or long-term decomposition of more lignified materials.
Concentrations and contents of N, P, K, Ca, and Mg, but not C, were higher in very fine roots than in fine roots. Similar findings were reported for N, P, S, and Mg, but not C, in Scots pine (Pinus sylvestris L.) roots (Berg 1984; Gordon and Jackson 2000) . Our results agree with increased retention of N and P reported with increased root diameter (Fahey et al. 1988) and greater release of all measured nutrients from smaller diameter roots than from larger diameter roots . (King et al. 1997) .
Although needle litter decomposition is often positively correlated with tissue N concentrations, especially during the initial decomposition phase (Pandy and Singh 1982; Hunt et al. 1988; Aber et al. 1990 ), this pattern has not been reported for root decomposition (Silva and Miya 2001) and was not apparent in this study. Even though our results support the inverse correlation between root diameter and nutrient concentrations, we could not correlate increased nutrient concentrations in roots from fertilized plots with increased decomposition rates. Other studies have reported that N additions decreased microbial biomass C and potential microbial activity in pine stands (Compton et al. 2004) , thereby potentially decreasing the decomposition potential. However, decomposition rates do not vary systematically among sites of different soil nutrient levels (Laiho et al. 2004) , and they most likely were not affected by the sandy soil with a low nutrient holding capacity in our study.
Fertilization did result in higher nutrient concentrations in decomposing roots, and hence larger nutrient pools, than in roots from control plots. Rates of N and P release from pine roots were significantly faster from fertilized roots than from controls and may be related to the differences in initial C/N values (69 and 112 for fertilized and control roots, respectively). Root Ca concentration was not linked to differences in mass loss or nutrient release rates in this study. The reduction in decomposition and the relative stability of nutrient concentrations noted between months 2 and 6 (September through January) could likely be explained by the decreasing ambient temperatures.
Fitting of exponential response curves enabled comparison of the coefficients of variables to specifically test for differences in initial nutrient concentrations or content and decomposition. Results from Mun and Whitford (1 998) and King et al. (1997) utilizing dry roots suggest that decay of roots <5 rnm is not impacted by exogenous sources of nutriCan. J. For. Res. Vol. 36, 2006 ents. However, results from this study clearly indicate fertilization increases N and P release. The discrepancies between results from King et al. (1997) and those of this study most likely result from the statistical methods used. King et al. (1997) calculated nutrient indexes at individual collection times and compared decay rate constants. In this study, the coefficients of variables from individual nutrient and mass loss response curves were compared, enabling a more sensitive evaluation.
This direct comparison of fresh and dried roots indicates that the rate of nutrient loss is influenced by the condition of a root when it begins to decompose, and that decomposition in situ is likely a slower process than.previously believed. The rate and extent of biomass decay-and the associated release of N, C, Ca, P, and K are significantly slower and of lower magnitudes when roots remain hydrated before decomposition begins than when roots are oven-dried before decomposition.
